Ventricular muscle strips of the rat embryo heart were used for tissue culture preparations without adding trypsin. Fibrillation-like arrhythmia was induced by adding aconitine or strophanthin, and the potentials were recorded with one or two microelectrodes. The tracing by one microelectrode was no different than tracings from fibrillating adult mammalian hearts. The size and shape of the action potential varied beat by beat, and its time of appearance was quite irregular and rapid. But, when tracings obtained simultaneously by two microelectrodes were compared, most of the action potentials were roughly synchronous and thus unlike adult cardiac fibrillation. This ruled out the possibility of multiple reentry or multifocal origin in this preparation.
Christie's table (16) of the developmental stages of the embryo heart and cultured by Maximow's hanging drop method without adding trypsin. The ventricular apex was dissected by a sterile technique, cut into pieces about 0.5 to 0.8 mm 3 each in Hank's solution (pH 7.4) at room temperature (21°C). The composition of Hank's solution in ITIM was: NaCl, 137; KC1, 5.4; CaCl,,, 1.3; MgSO 4) 0.8; Na 2 HPO 4 , 0.2; KH,PO 4 , 0.4"; NaHCO.-j, 4.2; and glucose, 5.6. One drop each of cockerel plasma and of eight-day-old chick embryo extract were mixed on a coverglass. After this mixture became solid, a few of the apical pieces were placed on the coverglass and left standing for 5 to 10 minutes at room temperature. Thereafter, one drop (about 0.1 ml) of the nutrient composed of 5% cell-free chick embryo extract, 45% horse serum and 50% Hank's solution was added to the mixture. The coverglass was sealed with warmed paraffin and incubated at 37°C for a week in the sitting drop position. During this period the nutrient was replaced every other day. Trypsin was not added to this culture because a previous study by us (17) to examine the claim 202 SANO, SAWANOBORI (18) that the removal of the extracellular calcium caused no significant prolongation or prominence of the plateau of the action potential of the cultured cells indicated that some changes in cellular characteristics may be related to the addition of trypsin. We were afraid also that fibrillation would not occur easily, if the cells were too discrete. An arrhythmia was produced by adding aconitine to the final concentration of 10" G or 10-5 g/ml, and fibrillation was suspected when an irregular, fine movement occurred in all parts of the mass and was diagnosed as such when the microelectrode revealed action potentials showing changes in size and shape, beat by beat, with irregular and rapid appearance time.
Materials thus cultured for 6 or 7 days were taken out of the Maximow slide and placed in oxygenated Tyrode's solution for 20 minutes at 26°C. They were transferred afterwards to a small chamber containing 1.5 ml of the Tyrode solution at 30 to 32°C. This chamber was mounted on the stage of a compound binocular microscope. Magnifications of 300X and 600x were employed. This microscope enabled visual control of the microelectrode movement. One or two microelectrodes with an external tip diameter of less than 0.5/A filled with 3 M KC1 were used at the same time. Tip resistance of microelectrodes ranged from 20 to 60 megohms. Our method on microelectrodes was reported elsewhere (19) .
Results

ONSET AND COURSE OF FIBRILLATION
Most of the cultured rat ventricular cells showed spontaneous activity. Slow diastolic depolarization was observed frequently in the control state. The heart rate in the Tyrode solution at 30 to 32 C C ranged from 35 to 120/min (average 69.8/min) in 33 experiments. The average magnitude of the resting and action potentials was 67.8 ± 3.4 ( SE ) mv and 88.2 ±3.1 (SE) mv.
Aconitine was added in 44 experiments. When it was added to a final concentration of 10~6 or 10" 5 g/ml, 26 experiments showed only tachycardia or flutter composed of action potentials with regular shape and appearance time ranging from 180 to 520/min. Nine experiments showed only electrical alternance, premature beats and occasional prolongation of negative afterpotentials on which a run of action potentials was superimposed (an abortion of the following third type of fibrillation). The other nine experiments showed fibrillation within 1 minute after the addition of aconitine, often preceded by such tachycardia or arrhythmia. Fibrillation was suspected to be present when an irregular, fine movement occurred in all parts of the mass. The appearance of the action potential obtained by one microelectrode did not differ from that of adult mammalian cardiac fibrillation. The magnitude of the action potential and the resting potential became smaller, and abortive action potentials with an unusual shape and a slow rise appeared. Besides variation in the size and shape of the action potential beat by beat, its appearance time was also quite irregular and rapid. The average rate per minute was 430, ranging from 360 to 600. Because of the similarity of Onset of aconitine-induced fibrillation in ventricular muscle strips obtained from a 15-day-old rat embryo and cultured for 7 days. A: control; B and C: successive changes of action potential after addition of aconitine to the concentration of 10~5 g/ml; D: irregular rhythm observed suddenly at 4 minutes after aconitine addition; E: i minute later. The vertical bar indicates 100 mv and the horizontal bar, 400 msec. the potentials to those of adult cardiac fibrillation, this arrhythmia was diagnosed as fibrillation. Such irregular appearance in size, shape, and time has never been seen in any other rhythm than fibrillation in adult mammalian hearts.
There were three modes of onset of this fibrillation. In the first group, the regular heart rate gradually increased, as shown in Figure 1 . Slow diastolic depolarization became prominent in B and C. At this stage, the size of the action potential dropped to 58.0 mv on the average in four experiments (a decrease of Onset of aconitine-induced fibrillation in ventricular muscle strips obtained from a 15-day-old rat embryo and cultured for 7 days. Two microelectrodes were inserted 400)i from each other. The second variety is shown in the lower tracing of each figure. A: About 30 seconds after addition of aconitine (10-e g/ml); B : about 40 seconds after addition; C: about 2 minutes after addition. A high rate of action potentials of about 300/min appeared suddenly. Irregular rhythm was observed afterwards. The vertical bar represents 50 mv and the horizontal bar 400 msec. Note a small diphasic deflection following action potential in A and B (positive and negative afterpotential). The upper tracing of each figure may not show full-sized action potentials, but it is evident in C that electrical activity at the two sites was almost simultaneous at the onset of fibrillation.
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about 41% from that of the controls), and its duration also dropped to 102 msec on the average (a decrease of about 53% from that of the controls). This regular rapid rhythm may be better called a flutter, which changed suddenly to an irregular, rapid, fine movement of fibrillation (D and E). This type was observed in four of nine experiments of fibrillation. In the second group, a short time after addition of aconitine a positive afterpotential became prominent and was followed by a negative afterpotential ( Fig. 2A ), which became more marked (B), highly frequent action potentials appeared suddenly and were superimposed on it (C) and finally irregularity appeared soon afterwards (this phase of fibrillation is not shown in the figure). This type was observed in two experiments. In the third group, a short time after addition of aconitine an abortive action potential was superimposed suddenly on the repolarization phase of the preceding action potential or on the negative afterpotential ( Fig. 3C , D). This was followed by a rapid run of action potentials with progressive irregularity (E). This type was observed in three experiments. These findings resembled to some extent those of aconitine-induced fibrillation in adult dog ventricular strips reported by Matsuda et al. (20) . The chief difference was that fibrillation in the cultured strips was induced by adding aconitine only, while in the adult strips it was induced initially by electrical driving in addition to aconitine.
Regardless of the mode of onset of fibrillation, it usually continued for 1 to 15 minutes and subsided gradually, or changed suddenly to a standstill or gradually to a much finer movement that appeared indistinguishable from standstill. At this stage, often many islands of cell groups still showed a fine, irregular movement; these were intermingled with the cell masses that appeared to be at a standstill. When the microelectrode was inserted at the site of the apparently quiet zone, a transient irregular movement started around the tip of the microelectrode, but no action potential was obtained.
SANO, SAWANOBORI
RELATIONSHIP OF FIBRILLATION WAVES AT DIFFERENT SITES
When fibrillation induced by aconitine was observed with a binocular microscope, all sites of the cultured ventricular strip appeared to be moving irregularly, as if no regular relationship existed among them. In this condition two microelectrodes were inserted at different sites at random to examine the relationship of the electrical activity at each Onset of aconitine-induced fibrillation in ventricular muscle strip obtained from a 16-day-old rat embryo and cultured for 6 days. A: Control; B: about 30 seconds after addition of aconitine (10-* g/ml); C: about 2 minutes after addition; D: 2.5 minutes after addition; E: about 4 minutes after addition. The vertical bar represents 50 mv and the horizontal bar 400 msec. site. The simultaneous recording from two sites was successful in four of the nine experiments in which fibrillation was induced.
In spite of the similarity in appearance to adult cardiac fibrillation of the tracing obtained with one microelectrode, the findings were considerably different when two microelectrodes were used. The two activities were almost synchronous. The fibrillation shown in Figure 4A was observed in a cultured strip with a long diameter of 833/A and a short diameter of 758/u,. One microelectrode (lower tracing) was fixed and the other (upper tracing) was inserted at a distance of about 400/x from the first (A,l), about 600/u, (A,2) and about 800/M (A,3) in the same direction. It is surprising that the two curves obtained by the two microelectrodes were not only synchronous but also similar in shape. When there was a short distance between the microelectrodes this was supposedly due to impalement of both electrodes in the same cell or within the distance of electrotonic spread from a single source of electrical activity. Therefore, as much spacing between impalements as possible was attempted in this preparation (A,3). Furthermore, impalements were made (A,4) in an entirely different direction and 300/u. apart. A slight difference was observed, but the result was essentially the same. Histologically, the size of the ventricular muscle fibers of these preparations was usually 20 to 40/JL long and 10 to 12/J. wide; there were exceptions, but muscle fibers over 120/A long were never observed.
In the second department, the distance between the two microelectrodes was about 200//. (B,l), 400/A (B,2), and 600/u, (B,3) in the same direction. In this experiment there was some difference in the time of occurrence and the shape of the action potential between the two tracings. As is usual in fibrillation, it was difficult to decide what point of rise of the action potential should be regarded as the time of arrival of the excitation, because its rise was markedly slow and changed in shape beat by beat. There seemed to be some difference in the relation of the excitation arrival time at each site beat by beat, but the exact delay could not be described because of this situation. When the action potential was large and of steeper rise, the difference in the excitation arrival time at each site was small. As a matter of fact, no conspicuous difference was observed with the usual speed of the sweep of the oscilloscope. But when it had a slower rise, the delay at one site was more marked. The small potentials, especially, seemed to show a more marked delay, although it was more difficult to decide what point of the action potential should be compared in such cases. Whatever the details may be-and in this respect the results differ from those in adult mammalian hearts-it is easy to find at least a small potential that corresponds in time to the action potential in the other tracing. Therefore we can say that, roughly speaking, one wave is synchronous with the other.
In spite of these difficulties we could measure the time difference of the rising limb of the action potential. It was measured only when both tracings showed action potentials large enough to be considered as propagated. The steepest rise of the rising limb was adopted as the point of measurement. This time difference divided by the distance between the two microelectrodes does not necessarily measure the conduction time, since the direction the excitation wave moved was not known. However, in the experiments shown in Table 1 , one microelectrode was fixed and the other was shifted in as many directions as possible. At least some estimate of the slowest conduction can be made from this data.
VENTRICULAR FIBRILLATION INDUCED BY ANOTHER METHOD
Since aconitine-induced fibrillation or flutter was believed by some investigators to be a special type with a single focus origin, unlike that induced by other methods (21) (22) (23) (24) , an attempt was made to induce fibrillation by adding strophanthin in nine experiments. When G-strophanthin was added to the 206 SANO, SAWANOBORI Tyrode solution to the concentration of KH g/ml and gradually increased to 3 X Kh 5 g/ml, only premature beats appeared in six experiments, and a rapid and irregular rhythm appeared in the other three experiments with average rates of 240, 240 and 242/ min. The beating rate of this rapid and irregular rhythm was smaller than that of the aconitine-induced fibrillation, but except for this no difference was noticed from the aconitine-induced fibrillation. The size and shape of the action potential changed beat by beat and its appearance time was quite irregular (Fig. 5 ). Therefore this arrhythmia was also regarded
FIGURE S
Relation of fibrillation waves at different sites in fibrillation induced by strophanthin. The preparation was obtained from a 16-day-old rat embryo cultured for 6 days. G-strophanthin (10-6 g/ml) was added in the Tyrode solution and gradually increased to a concentration of 3 X 10~s g/ml. 1: About 2 minutes after the onset of fibrillation. The upper and lower tracings were obtained by two microelectrodes placed about 300/1 apart. 2: About 5 minutes after onset of fibrillation. Two microelectrodes were placed in sites different from 1 and about 540/i apart. 3: About 7 minutes after onset of fibrillation. Two microelectrodes were placed about 200/x apart. Vertical bar represents 50 mv, and horizontal bar 500 msec. as fibrillation. Simultaneous recording by two microelectrodes was successful in both experiments and showed the two activities to be almost synchronous, as in the aconitineinduced fibrillation. Namely, it is easy to find in one tracing at least a small potential corresponding to an action potential in the other tracing.
Discussion
The records obtained when a fibrillating cultured ventricular strip was impaled by two microelectrodes showed that the excitation wave moved fairly uniformly, either radially or in a circus movement (even though there was a local delay or tortuosity of movement), incessantly changing its spread or route. Thus multiple reentry or multifocal impulse formation can probably be excluded in this sort of fibrillation.
Since the preparation was so small, we could not explore several points by shifting the site of impalement of a microelectrode. With a maximum of two recordings from one preparation at one time, it could not be determined whether there was a radial spread from a single focus or reentry. However, the latter mechanism appears unlikely, considering the size of the preparation, because the magnitude of the minimal fibrillatory mass is related to the absolute refractory period and the conduction time at the beginning of fibrillation. The value required for induction of fibrillation may be the value to be obtained immediately before its onset. We could not measure these values directly. But, as fibrillation proceeded, the size and shape of the action potential usually became smaller and more irregular, generally showed a reduction in the rate of its rise and duration. Thus, the conduction time tended to become longer and the absolute refractory period tended to become shorter in the course of observation, which would facilitate fibrillation, if reentry was the mechanism. Therefore, if the duration of the action potentials and of the conduction time at the beginning of fibrillation is such as to make the reentry process improbable, the value immediately preceding fibrillation
INITIATION OF FIBRILLATION
207
would of course make reentry even less probable.
Values for conduction time varied from 4 to 35 msec/mm as described in the results. In our previous experiments, the shortest absolute refractory period of the normal rabbit ventricle was 90 msec. It is possible that this period is even shorter at the initial stage of fibrillation. Some estimate could be made from the duration of the action potential. Since the shape of the action potential changed from beat to beat in fibrillation, it is difficult to estimate its duration. Taking a value close to the minimum but long enough for possible propagation in the initial stage of fibrillation, it measured about 85 msec. This is also close to the value of the rabbit atrial action potential under the influence of acetylcholine. Therefore, the value of absolute refractory period under these circumstances reported by West and Landa (25) , namely 73 msec, may be accepted as that present in fibrillation.
If the induction of fibrillation depends on the reentry of excitation waves, it would be necessary for some portion of the fibrillatory segment to be depolarized at a time when an area excited earlier by the same wave has recovered its excitability. Therefore, the length of the circular route for reentry must be at least 73/35 (absolute refractory period divided by conduction time) or 2 mm. The smallest size of our preparation that was definitely in the state of fibrillation was smaller than this (432 X 613//, with a thickness of a few cell layers). From the structure of this preparation it was quite impossible to suppose the presence of a return route as long as 2 mm. This shows that the reentry of the excitation wave could not occur, at least in the early stage, and cannot be accepted as a mechanism initiating this type of fibrillation. Thus there remains only a unifocal impulse formation as the initiating mechanism, and actually the above study on the onset of fibrillation was consistent with it. The first variety showed an enhancement of the spontaneous activity. The second variety may be due to a more marked increase of the Circulation Research, Vol. XXVI, February 1970 potassium conductance toward the end of repolarization, followed by corresponding ionic movements. The basic mechanism of this variety may (26) or may not (27) be the same as that of the first variety, but fibrillation occurred suddenly, in contrast to the occurrence from a gradually developed tachycardia in the first variety. The third variety may be caused by the increase of the sodium conductance of the cells at about -60 mv (28, 29) or by the local potential difference (30) (31) (32) due to the possible difference of the ending of repolarization of the two adjacent cells. Reentry may produce a similar finding, but this can be excluded (see above). All three mechanisms can be considered as varieties of impulse generation of cells in a single small excitation focus.
Such proof of impulse generation by a cell or a cell group as a single focus origin of fibrillation is important, because most previous studies lack sufficient evidence to meet some of the various objections. For instance, Scherf and his associates showed that the topical application of aconitine on the dog atrium induced atrial flutter or fibrillation, which immediately ceased when the area of application was isolated from the rest of the atria by a clamp or cooled with the aid of a thermode, removal of which led to reappearance of the arrhythmias (3, 4, 33) . But this finding cannot rule out the possible occurrence of microreentry at the point of aconitine application, which means that reentry within this focus could be the initiating mechanism. In spite of Scherfs appraisal (3, 4) , we think it possible that this microreentry produced the reappearance of the same tachycardia or arrhythmia after interruption of the cooling. Sano and Scher (34) found that extreme tachysystole of about 1500/ min occurred, when single electrical shocks were applied, close to the stimulating electrode in dog atrium in situ, every two or three beats of which propagated to the whole atria in the shape of fibrillation. We believed in the single focus origin of atrial fibrillation from this finding, but admitted that the possibility of microreentry in the focus could not be ruled out completely. The present study, however, can rule out such reentry for the first time and establishes that the rapid and irregular impulse formation in a single cell or cell group induced fibrillation at least in this tissue.
Since action potentials having a much slower rate of rise and a shorter duration appeared more often in the later stage of fibrillation, reentry can occur in the later stage. In this preparation, however, no sudden marked changes in the phase difference of the two action potentials from different sites occurred in the later stage. Therefore, we assume that a unifocal origin was probably maintained throughout all stages of the observed fibrillation.
It is possible that adult mammalian cardiac fibrillation continues by a quite different mechanism. We showed that the most distinct feature of fibrillation of the cultured ventricular strips was the degree of synchronism throughout, in contrast to the chaotic irregularity of adult ventricular fibrillation. Previously, Sano et al. (35) found no regular relationship between two tracings spaced about 10 mm apart in the middle and later stages of adult dog ventricular fibrillation. Sano and Scher (34) reported some evidence that reentry is one of the necessary mechanisms in maintaining adult dog atrial fibrillation, which is assumed to start from a single ectopic focus.
The present result shows, therefore, that fibrillation starts from a single ectopic focus both in the cultured and adult ventricular fibrillation, but the maintaining mechanism may be different. In the cultured preparation this mechanism is maintained, and in the adult fibrillation it often changes into one or multiple reentry sweeps of the excitation wave or into radial spread from a different single focus or from multiple foci.
There have been some reports (7, 19 ) that fibrillation is less frequently observed in a smaller mass of tissue. Martinez (cited in 10) showed quantitatively that fibrillation could not be sustained in less than 1 g of cardiac tissue. West and Landa (25) reported that the minimal mass for the induction of a sustained arrhythmia in isolated rabbit atrial segments averaged about 30 mg. The occurrence of fibrillation in cultured tissue far smaller than this is probably due to the high, spontaneous activity of this tissue. This suggests that fibrillation may occur even in adult cardiac muscle strips similarly small when spontaneous activity is abnormally enhanced.
Such a difference of mechanism may not be an essential one. Not only was no difference noticed in the appearance of the resting and action potentials between the cultured and adult fibrillation, but Hogancamp et al. (36) showed later that a degree of synchronism was present in the ventricular fibrillation of the adult guinea pig when the two microelectrodes were impaled closer, less than 1 mm apart, and their illustrations did not seem to be very different from our Figure 4B in this paper. Hence, our cultured muscle strip may correspond to the initiating focus in adult fibrillatory cardiac ventricle. Adult fibrillation may be maintained by the remaining parts of the ventricle in which fibrillatory wavelets propagate from the initiating focus. The cultured muscle strip can be regarded as lacking these parts. On this basis we should probably say that this is why fibrillation in the cultured muscle strip could not be maintained for a long time.
This assumption supports our view of regarding this arrhythmia as fibrillation. Since the cultured tissue is probably no larger than the hypothetical focus in adult cardiac fibrillation, the above-mentioned assumption is natural. The focus initiating fibrillation should be described as fibrillating unless quite a different phenomenon occurred at the focus. It is a matter of opinion, however, whether the arryhthmia studied in this paper should be called fibrillation or not. We called it fibrillation on the basis of the finding with one microelectrode when no difference could be noticed in the appearance of the resting and action potentials between the fibrillation of cultured cells and of adult cardiac cells. However, since the arrhythmia did not degenerate into complete asynchronism, some might oppose calling it fibrillation. Our interest is not in the INITIATION OF FIBRILLATION 209 definition of fibrillation but in the fact that these experiments aid in revealing the initiating mechanism of adult cardiac fibrillation.
